This paper describes a frequency-domain travel time (FDTT) method for measurement of direct and reflected travel times of sound waves based on the change in phase with frequency between a reference signal and a transmitted wave. An ordinary (linear) source can be used for measuring delays over shorter path lengths, and a parametric array (nonlinear) source can be used for measuring delays over longer path lengths. In the ordinary source measurement a reference signal is electronically multiplied with a signal that is time delayed by propagation through a sample. As frequency is incremented stepwise, the relative phase difference generates a corresponding stepwise dc output from the multiplier. For any travel path within the sample, there is a characteristic period of the dc signal whose reciprocal is proportional to the group time delay along the path. If more than one arrival exists, characteristic periods are superposed. An inverse Fourier transform of the frequency signal gives the discrete arrival times for each path. In the parametric measurement, a second electronic multiplier is used to create an electronic difference frequency signal for phase comparison with a wave at the difference frequency created by nonlinear elastic interaction in the material. The FDTT method should be applicable to ultrasonic investigation of matedhal properties, nondestructive evaluation, seismology, sonar, and architectural acoustics. 
INTRODUCTION
Numerous methods exist for laboratory measurement of ultrasonic travel time. For instance, one of the most powerful methods in use is pulse echo overlap.
•-3 This method is extremely sensitive in material where wave attenuation and scattering are low and/or propagation path lengths are short. In instances where pulse echo overlap is not possible, for example, in larger laboratory samples or highly dissipatire media where only one-way wave propagation is possible, ordinary pulse methods or continuous wave methods are commonly employed. 4 Pulse methods often have the disadvantage of emergent first arriving energy making arrival time difficult to determine. In continuous-wave phase methods 4 relative phases between a reference and the detected signal can be matched precisely allowing travel time to be obtained very accurately; however, when more than one arrival is present, results from these methods can be ambiguous. Location of later arrivals in a pulsed waveform can be notoriously inaccurate, and later arrivals contaminate continuous-wave phase methods so that direct comparison between the detected signal phase and a reference signal phase may be difficult to interpret. 4 An alternative to both pulse and continuous-wave methods is use of cross correlation with a frequency swept signal as input. This method can be very powerful in obtaining direct and reflected wave travel times.
We describe an alternative method from which to obtain travel time for instances when propagation distances are relatively large and the material is highly dissipative, and/or when more than one arrival exists. The technique described here, termed the frequency domain travel time (FDTT) method, is in the general class of continuous wave methods: It relies on tracking phase differences between a reference and ultrasonic signal as a function of frequency. The FDTT method grew out of previous work in developing a frequency method by which to obtain travel time for nonlinearity created waves. 5 In this paper, we present a method than can be used to obtain travel times by using an ordinary transducer operated in the linear elastic regime. In short, the signal source is swept stepwise in frequency while the entire phase relation between the reference and detected signal is recorded in detail. Travel time can be obtained directly from the relative phase as a function of frequency. In addition, we show how the method can be employed to obtain travel times of direct and reflected waves for relatively far distances by use of a parametric array source 6 composed of two collinear, nonlinear elastic primary waves. (A parametric array is created when two collimated, high strain amplitude sound waves of different frequencies are transmitted in the same direction. The waves interact nonlinearly and create a frequency at the difference between the two primary wave frequencies.) A parametric source is useful for transmitting over large distances due to its narrow collimation and lowattenuation characteristics. 7 The linear and nonlinear sources can be used in combination for observation of direct and reflected wave travel times over a large distance interval. Similar methods, commonly termed frequency-domain reflectomerry, have been developed independently elsewhere, including in the field of optics for problems associat-ed with optical fibers s-•ø and in ground penetrating radar for locating buried objects. • In addition, commercial devices that are based on the same principle exist for radar crosssectional measurements. •2 A similar method has been applied to obtain ultrasonic travel times where the source is not stepped in frequency but swept continuously. x • In that measurement, the multiplied signals (a reference and the phasedelayed signal propagating through the sample) are at different frequencies and the difference in frequency is directly related to the time delay. To our knowledge, however, the method described in this paper has not been applied to obtaining sonic travel times in materials, in acoustical media, or in seismic media.
I. THEORY
The basis of both the ordinary source and parametric array FDTT method rests on measuring the relative phase difference between a wave that has propagated through a sample versus a reference signal, as a function of changing frequency or wave vector. Consider a single frequency input wave X cos(wt) that is input into and propagates through a medium. The detected signal is composed of waves that travel directly along a path between source and detector in addition to reflected or scattered waves within the sample. A schematic illustrating the method for a single, direct arrival is shown in Fig. 1 . In this, the simplest case is n = 1, so that the detected signal becomes 
where exp(a• represents the empirical fit. In practice, care must be taken not to include significant noise in the transform. This is accomplished by inspecting the characteristic period signal and discarding the higher frequency portion where the signal/noise becomes large. 
where N(too) is the number of periods of the signal in the material at the starting frequency in the stepped band, and too is the starting angular frequency of the stepped frequency band. Equation (7) A more intuitive way to perceive that group travel time is measured by the FDTT method is to consider each arrival as an impulse. Because the impulse must be synthesized from the band of frequencies propagating through the medium, its arrival must occur at the group travel time of the band. The peak amplitude on the time axis marks the arrival of the energy maximum for a given travel path.
II. EXPERIMENTAL METHOD AND APPARATUS
This section describes the experimental apparatus for both the ordinary source and parametric array measurements. ming window was applied before correlation. In Fig. 7 (a) , the peak of the transformed signal, located at approximately 204/•s, lags the emergent pulsed arrival in Fig. 7 (b) by roughly 4 •s; however, the main energy of the pulsed arrival is slightly delayed with respect to the FDTT signal. The delay time obtained from the correlation signal peak is early, approximately 198 bts, and the correlation signal/noise is lower. In addition, the correlation signal peak is broader than the peak obtained using the FDTT method.
The differences in travel times will be addressed in the discussion section. Note the superior signal/noise obtained in using the FDTT method. Figure 8 shows the attenuation corrected, frequencydomain signal for paths along the 1829-mm-long x dimension of the sample using an ordinary source signal stepped from 100 to 360 kHz at intervals of 100 Hz. Source and receiver transducers were centered at 12 cm from the sample bottom, well away from the sample center in the x-z plane, so that all side-wall reflections could be recorded. As a result, the frequency-domain signal envelope seen in Fig. 8 is more complicated than in the previous case because it includes reflected arrivals. intervals of 100 Hz in which source and receiver transducers were placed side-by-side to detect the signal reflected from the back wall. The measurement was made lengthwise down the 1829-mm x dimension and therefore the total travel path was 3658 mm. Again, the signal is composed of more than one arrival, the direct surface wave seen as the low-frequency characteristic period that dominates the frequency-domain signal, and the back-wall reflector that is shorter in characteristic period. The latter is best seen in the early part of the frequency-domain signal. The inverse Fourier transformed signal is seen in Fig. 10(b) expanded around the predicted travel time ( 1428/xs) of the direct arrival from the back-wall reflector. Other arrivals correspond to side-wall and corner reflections; however, it is not clear which peak corresponds to a given reflection. No pulsed arrival was observable in this case, a demonstration of the signal/noise advantage of working in the frequency domain. The direct surface wave between adjacent transducers was the largest amplitude arrival in this case; however, it is an early arrival and does not appear in the time window of Fig. 10(b) . Figure 11 (a) shows a parametric array result in which the side-by-side transducer configuration was once again used. In this case, one primary was stepped from 100 to 400 kHz, while the other primary was held fixed at 250 kHz. for.) The following two arrivals do not correspond to the predicted arrivals from the side-wall and top-wall reflectors, nor do they correspond to the later peaks observed in the ordinary source case; however, the addition of strong backreflected energy from sample corners, the effects of pathdependent attenuation, and the lower frequency band of the parametric array case make comparison difficult. Note the signal/noise is nearly six times that of the ordinary source case. Again, the direct surface wave arrival does not appear in the time window, and no pulsed arrival was detected.
IV. DISCUSSION
In this section, several discrepancies in the observations between methods will be addressed. This will be followed by considerations when applying the FDTT method. In addition, it will be shown that phase reversals from normal incidence, important in geophysical applications, can be in- delay measured in the case of the pulse is that of the first arriving energy; however, in the FDTT method, out of all frequencies that may be present in the detected signal at a given frequency step, only the detected signal at the reference frequency is multiplied in the mixer. In effect, the mixer is a notch filter. Therefore, the group delay of the specified frequency band is obtained, not necessarily the group delay of the first arriving energy. 
B. Application considerations
Because the measurement is carried out over a frequency band determined by desired time resolution and overall delay time (to be discussed), an accurate measurement requires that the group velocity of the material must also be reasonably constant over this frequency interval. This will generally be the case for high-Q (low-attenuation) materials. Media with significant velocity dispersion over the frequency interval of data collection will smear the travel time peak in the transformed data because the characteristic period will change as a function of driving frequency. Where travel time is large as in the case of large samples, the period will be high so that there will be sufficient periods in a relatively short swept band to perform a transform. Hence, dispersion effects can be ignored and smearing effects will be small if the dispersion itself is small over the frequency interval required by the measurement. Conversely, for short travel times and therefore large bandwidths in a dispersive medium, the method may not perform well because difference between a reference signal and a signal that has propagated through a sample. The phase difference is recorded over an interval of driving frequency. Recording the entire phase curve allows the signal to be inverse Fourier transformed, thus providing separation and determination of travel time for each discrete arrival within the sample. A nonlinearly created difference frequency beam was also used, the benefit being enhanced signal/noise over large propagation distances. Coupled together, the frequency-domain method using both an ordinary (linear) source and a parametrically derived source provides a travel time measurement tool useful over various sample lengths. The FDTT method should have numerous applications in acoustics, ultrasonics, seismology, and nondestructive evaluation where sharp time resolution and identification are required.
